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The understanding of transport in condensed matter has been challenged by the isolation of graphene, whose energy bands have a linear dispersion and whose carriers possess intrinsic isospin [1, 2] .
These features give rise to a variety of unusual transport phenomena [3] [4] [5] [6] [7] [8] , not observed in typical semiconductors. Graphene also exhibits pronounced mesoscopic [9] [10] [11] [12] [13] effects -including weak localization (WL) [14] [15] [16] [17] [18] [19] , conductance fluctuations (CF) [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] , and quantum noise [39] [40] [41] [42] [43] -with much richer characteristics than their counterparts in non-Dirac materials [9] [10] [11] [12] [13] . Most notably, while the CF in dirty metals and semiconductors are known to exhibit specific universal properties, recent studies [24, 25, 30, 35] suggest that this universality may not extend to graphene. It is this specific issue that we focus on here.
The universal conductance fluctuations (UCF) exhibited by dirty metals [10] [11] [12] [13] arise when carrier coherence is preserved on a scale comparable to the system size, in which limit the conductance does not ensemble average but fluctuates deterministically with magnetic field and/or Fermi energy. Vital to understanding these fluctuations, which are much larger than would be expected classically, is the introduction of a so-called ergodic hypothesis [11, 12] . This proposes that CF observed while sweeping magnetic field or Fermi energy should be equivalent to those obtained by varying the disorder potential.
Based on this hypothesis, the CF are expected to have universal amplitude at zero-temperature, independent of sample size and the degree of disorder. At non-zero temperatures, where the characteristic lengths describing coherent transport can become smaller than the sample size, the UCF are damped, albeit in a manner well described by theory [13] .
Recent theories for the CF in graphene [44] [45] [46] [47] [48] predict universal behavior in the metallic regime (k F l 1, where k F is the Fermi wavevector and l the mean free path), after accounting for inter-valley scattering arising from different sources of disorder [45, 46] . The universality is inferred, however, from an implicit assumption of ergodicity, something that recent experiment has called into doubt [35] . Given the importance of the ergodic hypothesis for our understanding of mesoscopic transport, it is essential to establish its applicability to graphene. In this Letter, we therefore perform a detailed study of the CF in disordered graphene, while varying Fermi energy (carrier density) and magnetic field. We find that these parameters generate CF with different amplitudes, implying a failure of the ergodic hypothesis. We furthermore use a magnetic field to investigate the response of the CF to the breaking of microscopic symme-3 tries [49] [50] [51] [52] [53] [54] , revealing a strong, and unexpected, anisotropy, dependent on the orientation of this field relative to the graphene sheet.
Devices were fabricated by exfoliating [2] natural graphite onto a Si/SiO 2 substrate. The SiO 2 was 300-nm thick, and the heavily-doped Si served as a back-gate that could sweep carrier density/Fermi energy. Substrate markers ensured accurate alignment for electron-beam lithography, allowing Cr/Au (5-/40-nm) contacts to be made to graphene flakes. These were selected by optical and atomic-force microscopy, and by Raman spectroscopy. As indicated in Fig. 1(a) , our measurements utilized a two-probe configuration most appropriate for studies of UCF [13] . I-V curves between these contacts were linear over a wide range [56] , suggesting contact resistance provided only a small contribution to the measurements [57] . After wire-bonding, samples were mounted on the cold finger of a dilution refrigerator, either This strongly-disordered character likely reflects the fact that neither thermal annealing, nor currentinduced cleaning, were performed to remove any organic residues left over after fabrication. Prior work [57] has demonstrated the presence of such residues in uncleaned devices, and has shown them to introduce significant disorder into the graphene transport. We therefore emphasize that the interesting behaviors reported here should likely be considered to be strongly related to the dirty nature of the graphene. The small CF observed in the magnetic-field sweeps therefore do not correspond to some fortuitous range of back-gate voltage, for which the transconductance fluctuations are also small. Moreover, we emphasize that while the curves of Fig. 2(a) have been shifted vertically for clarity, they otherwise correspond to as-measured data. Consequently, differences in the two types of fluctuations cannot be attributed to some error in background subtraction.
In Fig. 2(b) , we plot the root-mean square conductance fluctuation (δg rms , in units of e Fig. 3(c) , which shows that the application of in-plane fields up to 6 T has remarkably little influence on the CF. This is confirmed by the line plots of Fig. 3(d) , which show only a weak dependence of the CF on B || .
In Fig. 2(b) , we plot (as blue data points) the variation of δg rms from transconductance measurements in the two field configurations. At zero magnetic field, δg rms is essentially equivalent for the two sets of data, providing confidence that the statistical characteristics of the CF are not significantly affected by thermal cycling. With an out-of-plane field applied, we first observe a rapid decrease of δg rms by a factor of 1/√2, when B ⊥ is increased to around 0.5 T. In the standard theory of UCF [49] [50] [51] , this drop is precisely 6 that expected for breaking time-reversal symmetry, consistent with which we note that the field scale on which it occurs correlates well to the width of the WL peak in the magneto-resistance (which we show, for example, at 4.2 K in Fig. 1(e) ). Following the rapid drop, δg rms then shows a much slower decrease as B ⊥ is further increased, before saturating beyond 4 T at a value close to half of its zero-field value. This second decrease in δg rms , by an additional factor of 1/√2, is also well known from the study of UCF, and is precisely that expected for lifting spin degeneracy in a system with weak spin-orbit coupling [51, 53] . (This nice agreement with theoretical expectations provides further evidence that the analysis of our data is not significantly influenced by contact-resistance, since the observed reduction factors of 1/√2 and 1/2 indicate the measured resistance is dominated by that of the graphene flake).
The weak dependence of the CF on in-plane magnetic field is puzzling. δg rms appears independent of B || , indicative of only a weak Zeeman splitting for in-plane magnetic fields. Although one possibility is that the g-factor is much smaller in the graphene plane, studies of graphite have shown this parameter to be isotropic [58] . A more likely explanation is an extrinsic, substrate-induced, anisotropy, and we note that a recent study of the spin states of graphene quantum dots also found a much weaker spin splitting for B || [59] . In fact, for B ⊥ these authors observed the onset of Zeeman splitting beyond 2 -4 T, consistent with our data in Fig. 2(b) . Anisotropic spin relaxation has furthermore been reported in spin-valve studies [60] , where it was attributed to different effective spin-orbit fields for in-plane and out-of-plane relaxation. In contrast to these results, however, clear Zeeman splitting of the CF was observed [29] for an in-plane field in experiments performed on less-disordered samples than those studied here. These different observations point collectively to a strong dependence of the in-plane spin splitting on sample quality.
While early theory [44] questioned the universality of the CF in graphene, later studies predicted them to be universal, albeit with an amplitude that is sensitive to the sources of inter-valley scattering [45, 46] . This conclusion was reached, however, by applying usual perturbative treatments [13] to compute CF amplitudes by ensemble averaging. To connect to the results of experiment an ergodic hypothesis is then required, in which the ensemble average is assumed to be equivalent to varying magnetic field however, where the difference in amplitudes is as much as a factor of eight, see Fig. 2 ) In our case we observe the failure of ergodicity over the entire range of gate voltage studied, and not just near the Dirac point, which tends to suggest that the influence of the puddling can extend over a wide range of density.
One possibility, that could be explored in the future through detailed studies of the differential conductance, is that some incipient Coulomb blockade governs the gate-voltage induced CF, causing them to exhibit a different amplitude to the field-induced features.
Finally, we comment on the short phase-breaking length ( l ϕ < L T ) in our samples. A correlation analysis (see supplementary material) suggests that this is primarily the result of a saturation of l φ that onsets around 1 K. A similar saturation has also been reported in experiments on dirty metals and semiconductors [66] , and even today its origins are subject to debate. Saturation has furthermore been found in other studies of the CF in graphene [18, 19, 21, 32] , with phase-breaking lengths in close agreement with ours. The behavior that we observe therefore appears to be a manifestation of a general phenomenon, whose origins are still not well understood.
In conclusion, mesoscopic interference in disordered graphene exhibits a dramatic breakdown of the ergodic hypothesis, with CF obtained by varying magnetic field being significantly smaller than those obtained when sweeping Fermi energy. These results reveal a complex picture of quantum interference in graphene, whose description appears more challenging than for conventional mesoscopic systems. Red data points show δg rms from the magneto-conductance at various gate voltages. To allow the dependence of δg rms on B ⊥ to be clearly seen, we have slightly displaced the other two data sets by the indicated increments. Dotted lines indicate the range of B ⊥ for which δg rms drops to 1/√2 and 1/2 of its zero-field value. Cryostat temperature was 0.04 K. 
